Opossum kidney OKP cells express an apical membrane Na+/H+ antiporter that is encoded by NHE-3 (for Na+/H+ exchanger 3) and is similar in many respects to the renal proximal tubule apical membrane Na+/H+ antiporter. 
increases Na+/H+-antiporter activity and NHE-3 mRNA abundance. The increase in Na+/H+-antiporter activity was not prevented by H7, a protein kinase C/protein kinase A inhibitor, but was prevented by herbimycin A, a tyrosine kinase inhibitor. Incubation of cells in acid medium increased c-src activity, and this was inhibited by herbimycin A. To determine the role of the src family of nonreceptor proteintyrosine kinases, Csk (for carboxyl-terminal src kinase), a physiologic inhibitor of these kinases, was overexpressed in OKP cells. In three clones overexpressing csk, acid-induced increases in Na+/H+-antiporter activity and NHE-3 mRNA abundance were inhibited. In these clones, inhibition of acid activation of Na+/H+-antiporter activity paralleled inhibition of acid activation of c-src. Neither herbimycin A nor overexpression of csk inhibited dexamethasone-induced increases in Na+/H+-antiporter activity. These studies show that decreases in pH activate c-src and that the src family nonreceptor protein-tyrosine kinases play a key role in acid activation of NHE-3.
Chronic metabolic acidosis causes an increase in the activity of the renal proximal tubule apical membrane Na+/H+ antiporter that persists after the transporter is removed from the acidotic environment (1) (2) (3) . This effect represents a direct effect of pH, in that chronic incubation of cultured proximal tubule cells in acid medium leads to increases in the activities and mRNA abundance of two Na+/H+-antiporter isoforms, NHE-1 and NHE-3 (Na+/H+ exchangers 1 and 3) (4-7). While NHE-1 mRNA encodes the basolateral membrane antiporter that likely effects housekeeping functions in the proximal tubule, NHE-3 mRNA encodes the apical membrane Na+/H+ antiporter that mediates transepithelial bicarbonate absorption (see Discussion). Thus, activation of NHE-3 represents a key step in increased transepithelial bicarbonate absorption in acidosis.
Incubation of MCT cells, a simian virus 40-transformed mouse proximal tubule cell line, in acid medium leads to transcriptional activation of immediate early genes including c-fos, c-jun, junB, and egr-1 (8) . This effect is not blocked by inhibiting protein kinase C or preventing increases in cell Ca2 , but is blocked by tyrosine kinase inhibitors. Incubation of these cells in acid medium leads to increased phosphotyrosine content of 60-to 70-and 120-kDa proteins and activation of c-src (9) . The purpose of the present studies was to determine whether tyrosine kinase pathways, and c-src in particular, contribute to acid activation of NHE-3. Na+/H+-Antiporter Activity. To measure Na+/H+-antiporter activity, cells were grown on glass coverslips, and cell pH was measured by using the pH-sensitive dye BCECF and calibrated with K+/nigericin as described (4, 11) . Na+/H+-antiporter activity was assayed as the initial rate of Na+-dependent intracellular pH (pHi) increase (dpHi/dt) following an acid load in the absence of CO2/HCO- (12) . Buffer RNA was size-fractionated by agarose-formaldehyde gel electrophoresis and was transferred to nylon filters (GeneScreenPlus, New England Nuclear). Radiolabeled probes were synthesized from the appropriate cDNA by the random hexamer method with the following inserts: full-length c-fos (14) , full-length OKP NHE-3 (7), and full-length rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH; ref. 15) . Prehybridization, hybridization, washing, and exposure to film were performed as described (8) .
MATERIALS AND METHODS
c-src Assay. To examine the effect of acid on c-src activity, medium was changed 2 hr prior to the experiment to insure a pH of 7.4. At the time of experiment, cells were incubated at pH 7.4 or 7.0. Cells were then washed three times with phosphate-buffered saline (PBS) at 4°C, lysed with radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl/50 mM Tris, pH 7.4/50 mM ,B-glycerophosphate/50 mM NaF/1 mM sodium orthovanadate/2.5 mM EDTA/5 mM EGTA/0.5 mM dithiothreitol/1% Triton X-100/0.5% sodium deoxycholate/0.1% SDS/5 ,ug each of aprotinin and leupeptin per ml/2 t,g of pepstatin per ml), scraped with a rubber policeman, incubated for 45 min at 4°C with rocking, and centrifuged at 2300 x g for 15 min at 2°C (Beckman Optima TLX, TLA-100.3 fixed-angle rotor). The supernatant was diluted to 1 mg of protein per ml (Bradford method, Bio-Rad), and 300 ,A was incubated with 2 ,ug of anti-src monoclonal antibody 327 for 1.5 hr on a rocker at 4°C. Fifteen microliters of protein G-agarose was then added, and the mixture was incubated for 1 hr. Agarose beads were pelleted at 10,000 x g for 30 sec at 4°C and washed with RIPA buffer 4 times and then twice with 150 mM NaCl/20 mM sodium Hepes, pH 7.4. The pellet was then suspended in 500 ,tl of the NaCl solution, divided into three aliquots, and pelleted.
c-src activity was measured as enolase kinase activity. Two aliquots of the pellet were heated to 25°C for 1.5 min and then suspended in 10 ,tl of reaction buffer {150 mM NaCl/20 mM sodium Hepes (pH 7.4)/30 mM MgCl2/0.01 mM ATP/0.3 mg of enolase per ml/5 ,uCi (185 kBq) of [y-32P]ATP} at 25°C for 5 min with rotation. The reaction was stopped by addition of 10 ,ul of 2x SDS loading buffer (lx = 5 mM Tris-HCl, pH 6.8/1% SDS/10% glycerol/1% 2-mercaptoethanol), and the sample was boiled for 10 min. The sample was then size-fractionated by SDS/PAGE on a 7.5% gel, and the gel was stained with Coomassie blue, dried, and exposed to film. To determine the total amount of c-src in the precipitate, c-src abundance was measured on one of the aliquots by immunoblot (Western blot). The precipitate was suspended in SDS loading buffer, boiled for 10 min, subjected to SDS/PAGE on 7.5% gels, and electrophoretically transferred to nitrocellulose. After blocking with 5% powdered milk and 0.05% Tween 20 in TBS (0.9% NaCI/20 mM Tris, pH 7.4) for 2 hr, blots were probed with a 1:500 dilution of rabbit anti-src antibody (SRC 2) in TBS containing 2% (vol/vol) bovine serum albumin and 0.05% Tween 20 for 1 hr. Blots were washed twice in TBS containing 5% powdered milk and 0.05% Tween 20 for 15 min each and twice in PBS containing 0.5% Tween 20 for 15 min before incubation with a 1:2500 dilution of horseradish peroxidase-labeled anti-rabbit IgG in PBS containing 0.5% Tween 20 for 1 hr; bands were visualized by enhanced chemiluminescence. Enolase kinase activity, measured on two aliquots, was quantitated by densitometry; results were averaged and corrected for differences in c-src abundance. Results are reported as means + SEM.
RESULTS
Acid Activation of NHE-3 Is Not Mediated by Protein Kinase C. Inhibition of protein kinase C prevents acid activation of NHE-1 (16) . To determine the role of protein kinase C in acid activation of NHE-3, OKP cells, which express an apical membrane Na+/H+ antiporter encoded by NHE-3 (7), were exposed to 40 ,uM H7, a protein kinase C/protein kinase A inhibitor (17) . This concentration was used because it inhibited PMA-induced increases in c-fos mRNA in OKP cells (Fig. 1 Upper) . Incubation of OKP cells in acid medium for 24 hr increased Na+/H+-antiporter activity by 31% in the absence of H7 and by 33% in the presence of H7 (Fig. 1 Lower) .
Herbimycin A Inhibits Acid-Induced Activation of NHE-3. To determine whether the effect of acid on NHE-3 activity was mediated by tyrosine kinase pathways, cells were pretreated with 1 p.M herbimycin A. Incubation in acid medium for 24 hr caused a 31% increase in Na+/H+-antiporter activity, which was completely inhibited in cells treated with herbimycin (Fig. 2) . However, herbimycin A decreased basal Na+/H+-antiporter activity, which either could indicate tyrosine kinase regulation of basal activity or could represent a nonspecific effect. To differentiate between these possibilities, we examined the effect of herbimycin A on dexamethasone-induced stimulation of Na+/H+-antiporter activity, which likely is independent of tyrosine kinase pathways. Treatment with 0.1 p.M dexamethasone for 24 hr caused a 31 % increase in Na+/H+-antiporter activity (Fig. 3) . Herbimycin A again caused a decrease in basal Na+/H+-antiporter activity but did not inhibit dexamethasone-induced activation of the Na+/H+ antiporter.
Incubation of MCT cells in acid medium causes an increase in c-src activity (9) . Therefore, we examined whether c-src was activated by acid in OKP cells and whether this effect was inhibited by herbimycin A. Incubation in acid medium for 1.5 min increased c-src activity by 64%; there was no effect in the presence of herbimycin A (Fig. 4) . Thus, herbimycin A inhibits acid-induced activation of c-src and NHE-3 but does not inhibit dexamethasone-induced activation of NHE-3. Overexpression of csk Inhibits Acid-Induced Activation of NHE-3. csk (c-terminal src kinase) phosphorylates tyrosine-527 of c-src and the equivalent tyrosine of other members of the src family of nonreceptor protein-tyrosine kinases, a process that serves as a physiologic inhibitor of these kinases (10, (18) (19) (20) (21) (22) (23) . Overexpression of csk was utilized to examine the effect of inhibiting src family nonreceptor protein-tyrosine kinases on acid-induced activation of the Na+/H+ antiporter. Three clones stably transfected with chicken csk, csklO, cskl8, and csk23, were selected based on the highest expression of chicken csk mRNA by RNA blot. Pooled cells stably transfected with a neomycin-resistance gene alone demonstrated a 50% increase in Na+/H+-antiporter activity in response to acid incubation for 24 hr (Fig. 5) . Clones csklO and csk23 showed no response to acid, whereas cskl8 cells demonstrated a small 18% stimulation of Na+/H+-antiporter activity in response to acid.
As a control, dexamethasone-induced stimulation of NHE-3 activity was examined in the two csk clones that were unresponsive to acid, csklO and csk23. Fig. 6 shows that incubation with 0.1 ,tM dexamethasone for 24 hr increased Na+/H+-antiporter activity in both csklO and csk23 cells. Thus, the observed inhibition is specific for acid.
Incubation of OKP cells in acid medium for 24 hr leads to a 2-fold increase in NHE-3 mRNA abundance (7) . We next examined whether overexpression of csk inhibited this response. Incubation of neomycin-resistant cells in acid medium for 24 hr caused a 2-fold increase in NHE-3 mRNA (Fig. 7 ). This response was inhibited in all three clonal cell lines overexpressing csk, although there remained a tendency for a small effect of acid.
We next examined whether overexpression of csk inhibited acid activation of c-src. In preliminary studies, c-src activation by acid was intact in the csk-overexpressing clones at 1.5 min. Since the response to acid was a chronic response, cskoverexpressing cells could have an impaired response at later time points. Therefore, cells were incubated in control or acid 5 (csklO, cskl8, and csk23 ). medium (pH 7.4 vs. 7.0) for 10 min, and c-src activity was measured. In pooled cells transfected with the neomycinresistance gene alone, acid increased c-src activity by 99% (Fig.  8 ). By contrast, there was a tendency for acid to decrease c-src activity in csklO and csk23 cells. In cskl8 cells acid incubation increased c-src activity by 61%. The less complete inhibition of c-src activation by acid in cskl8 cells corresponds to the partial stimulation of NHE-3 by acid in these cells (Fig. 5) .
DISCUSSION
Chronic metabolic acidosis causes a series of adaptations in cellular function that all tend to return blood pH to normal values. In the renal proximal tube, these adaptations include increases in the activities of the apical membrane Na+/H+ antiporter and Na+ citrate cotransporter, the basolateral membrane Na+/ HCO3 /CO2-cotransporter, and a number of enzymes respqnsible for ammonia and citrate metabolism (1) (2) (3) 24) . In addition, chronic metabolic acidosis causes enhanced renal growth, enhanced muscular protein catabolism, bone dissolution, and adaptations in the renal cortical collecting duct that modulate relative rates of H+ and HCO3 secretion (24) . The specific mechanisms by which acidosis brings about these diverse cellular effects have not been elucidated.
NHE-1 is a ubiquitous Na+/H+ antiporter that subserves housekeeping functions such as cell pH regulation and regulation of growth (25) . NHE-3 is believed to encode the proximal tubule apical membrane Na+/H+ antiporter that mediates transepithelial H+/HCO3 transport, based on the observations that (i) protein is localized to the proximal tubule apical membrane by immunohistochemistry; (ii) NHE-3 mRNA is expressed predominantly in renal cortex and small intestine; (iii) NHE-3 is amiloride resistant, similar to the proximal tubule apical membrane Na+/H+ antiporter; (iv) NHE-3 mRNA abundance and apical membrane Na+/H+ antiporter activity are increased by glucocorticoids; and (v) the ontogeny of apical membrane Na+/H+ antiporter activity parallels that of NHE-3 protein and mRNA abundance (26) (27) (28) (29) (30) (31) (32) (33) . In cultured proximal tubule cells, incubation in acid medium for 24-48 hr leads to increases in NHE-1 and NHE-3 activity and mRNA abundance (4-7).
Incubation of MCT cells in acid medium leads to transcriptional activation of immediate early genes, including c-fos, c-jun, junB, and egr-J, and increases in protein-tyrosine phosphorylation (8, 34) . Immediate early gene activation is not blocked by inhibition of protein kinase C but is prevented by inhibition of tyrosine kinase pathways (8) . In the present Physiology: Yamaji et al. GAPDH studies, herbimycin A, a tyrosine kinase inhibitor, inhibited acid activation of NHE-3 activity. This effect was shown to be specific in that dexamethasone-induced increases in NHE-3 activity were not inhibited. H7, a protein kinase C/protein kinase A inhibitor (17) , had no effect on acid-induced activation of NHE-3. The concentration used, 40 ,M, is well above the Ki for protein kinase C and was shown to inhibit phorbol ester-induced activation of c-fos. Thus, these studies suggest that acid activation of NHE-3, similar to acid activation of immediate early gene expression, is mediated by tyrosine kinase pathways. By contrast, acid activation of NHE-1 is mediated by protein kinase C (16) .
Decreases in intracellular pH activate c-src, a nonreceptor protein-tyrosine kinase, in MCT (9) and OKP cells. Herbimycin A inhibited acid activation of c-src. To examine the role of the src family nonreceptor protein-tyrosine kinases, we overexpressed csk in OKP cells. csk phosphorylates tyrosine-527 of c-src (10, 18) and equivalent tyrosines in other members of the src family (19) (20) (21) . This serves the physiologic role of maintaining these nonreceptor protein-tyrosine kinases inactive (22, 23) . Overexpression of csk in three clones inhibited acid-induced activation of NHE-3 to an extent that paralleled inhibition of acid-induced activation of c-src. Once again, the effect was shown to be specific in that overexpression of csk did not inhibit dexamethasoneinduced increases in NHE-3 activity. Acid-induced increases in NHE-3 mRNA abundance were also inhibited.
These studies show that acid-induced activation of the src family nonreceptor protein-tyrosine kinases is required for acid-induced activation of NHE-3. However, the specific role played by these kinases is not yet clear. One possible role is to increase immediate early gene expression, which secondarily results in NHE-3 activation. In that immediate early gene activation rarely defines specificity of a process (35) , activation of a src family kinase may also be required at a second step for increases in NHE-3. Lastly, it may be possible that activation of c-src and immediate early genes by acid is permissive for other mechanisms to activate NHE-3. This may be analogous to activation of these pathways by ultraviolet irradiation (36) . In addition, acid-induced activation of src family nonreceptor protein-tyrosine kinases may play an important role in acidinduced regulation of other proximal tubule functions or in effects of acidosis in other cells.
The family of src-related nonreceptor protein-tyrosine kinases includes nine members. c-src and c-yes expression have been demonstrated in the proximal tubule (37, 38) . The present studies do not distinguish which of these kinases are key in acid-induced regulation. An important role for c-src is suggested in that c-src activity is increased by decreases in intracellular pH of <0.1 pH units (9) . However, it is possible that other members of the src family are also activated by acid and can also effect increases in NHE-3 activity. Redundancy among src family nonreceptor protein-tyrosine kinases has been suggested by the pausity of phenotypic abnormalities found in animals in which individual src family genes have been disrupted (39, 40) .
